ABSTRACT: Individual metallic nanowires can sustain ultralarge elastic strains of 4−7%. However, achieving and retaining elastic strains of such magnitude in kilogram-scale nanowires are challenging. Here, we find that under active load, ∼ 5.6% elastic strain can be achieved in Nb nanowires embedded in a metallic matrix deforming by detwinning. Moreover, large tensile (2.8%) and compressive (−2.4%) elastic strains can be retained in kilogram-scale Nb nanowires when the external load was fully removed, and adjustable in magnitude by processing control. It is then demonstrated that the retained tensile elastic strains of Nb nanowires can increase their superconducting transition temperature and critical magnetic field, in comparison with the unstrained original material. This study opens new avenues for retaining large and tunable elastic strains in great quantities of nanowires and elastic-strain-engineering at industrial scale.
C rystals at ultrahigh levels of elastic strain may exhibit exceptional physical and chemical properties. 1−8 A commercially successful example is the "strained silicon technology", 2, 4 where a tensile elastic strain of a few percent is able to enhance the charge carrier mobility several times, which increases the CPU speed so significantly that it has delayed the breakdown of the Moore's law. However, when attempting to apply elastic strain engineering to energy technologies, one finds that in contrast to information technologies applications where the total mass of active material is tiny (the total weight of strained silicon in a CPU is ∼1 × 10 −8 kg), the total mass of active material to be strain-engineered for energy storage or power transmission has to be much larger. Consider superconducting cables as an example: if we cannot make kilogram-and kilometerscale strain-engineered superconductor, then elastic strain engineering will not have much real impact.
Much effort has been made to achieve and retain large elastic strains of crystal materials. 4,7−14 By lattice mismatch between films and substrates, large elastic strains can be retained in films without external load, but it is only applicable to films.
4,7−10
Near-crack-tip regions in crystal materials can bear large elastic strains, but their volume fractions are too small for meaningful application. 11, 12 Under high hydrostatic pressure, large elastic strains can be produced in gram-scale matters, 13, 14 but it cannot be retained without external load. To date, achieving and retaining large elastic strains of kilogram-scale crystal materials without external load are challenging.
Individual metallic nanowires have ultralarge elastic strains, often of the magnitude of 4−7%. 2,11,15−17 Because of the limitation of using nanowires in their original forms in real applications, it has been conceived to create bulk composites with these nanowires as fillers. However, the ultralarge elastic strains of nanowires cannot be exploited in conventional composites with the matrices deforming by dislocation slip, 18−20 as dislocations in the matrix slipping to the matrix/ 
ACS Applied Materials & Interfaces
Letter nanowire interface cause the atomic-level inelastic shear strain between two adjacent atomic planes exceeding 100% (b/d, where b is Burgers vector and d is interplanar distance, is usually >100%) at the interface, 21 which easily triggers plasticity in the nanowires. Inspired by this, we hypothesize that the matrix should not deform via sharp microscopic defects such as dislocations or cracks to achieve the ultralarge elastic strain of nanowires in a composite. 22 To the best of our knowledge, the shape memory alloy (SMA) in martensite state deforms by detwinning (variant reorientation) that is a collective shearing process of atoms with an atomic-level strain of ∼10%, and is thus less likely to trigger plasticity in nanowires when the detwinning deformation front of the SMA matrix hits the nanowires. Moreover, the strain reversal of the SMA matrix is smaller than 2% upon tensile unloading which is much smaller than that (4− 7%) of the nanowires, which provide an opportunity for the ultralarge elastic strains of nanowires to be achieved first, and later retained in the composite after unloading, in the freestanding condition. This new design paradigm of free-standing composite is illustrated in Figure S1 .
To verify the design, we developed an in situ composite wire ( Figure 1a Figure S2 . The high-energy X-ray diffraction pattern of the composite (Figure 1e ) can be fully indexed to body-centered cubic Nb and B19′-NiTi phases. Figure 1f shows the pole figure of ⟨110⟩ Nb in the wire axial direction. It is evident that the Nb nanowires are strongly oriented with [110] direction parallel to the wire axial direction.
To measure the elastic strains of the embedded Nb nanowires in the martensitic NiTi matrix, in situ synchrotron X-ray diffraction was carried out on the composite during tensile loading (inset of Figure 2a ). Figure 2b shows a 2D high-energy Xray diffraction pattern taken at a certain applied strain (1%). Figure 2c shows the evolution of the X-ray diffraction intensity of B19′-NiTi (001) planes along the Debye−Scherrer ring (as indicated in Figure 2b ) recorded at different applied strains. It is seen that the diffraction intensity of B19′-NiTi (001) planes along the Debye−Scherrer ring concentrates approximately equally at 6 locations, separated by ∼60°. Upon loading, the B19′-NiTi (001) diffraction intensity changes significantly to four dominant orientations, indicating that the martensitic NiTi matrix has undergone detwinning (variant reorientation) during deformation. 23 Figures 2d, e show transmission electron microscopy images of the martensitic NiTi matrix before and after a tensile deformation of 8.7% respectively. These further demonstrate that the martensitic NiTi matrix has undergone detwinning during the deformation. Figure 2a shows the evolution of d-spacing strain with respect to applied strain for the Nb (110) planes perpendicular to the loading direction. It is seen that the embedded Nb nanowires reached a maximum 
Letter tensile elastic strain of 5.6% (at 7.5% applied strain). The elastic strain was induced by the deformation of SMA matrix through detwinning. It is considered that the stress induced at interface is shear stress which resulted in tensile strain in the (110) direction of the nanowire. However, the specific strain transfer mechanism between the martensitic NiTi SMA matrix and the Nb nanowire during tensile loading is still not very clear. This large elastic strain is comparable to those of freestanding nanowires and much larger than those of the nanowires embedded in metal matrices deforming by dislocation slip (∼1.5%) ( Figure S3 ). 19, 20 To determine that the large tensile elastic strain of the Nb nanowires can be retained in the composite after unloading, we performed in situ synchrotron X-ray diffraction on the composite through multiple-step tensile deformation cycles, as shown in Figure 3a . Evolution of X-ray diffraction peaks for Nb (110) and B19′-NiTi (001) planes through the deformation cycles is shown in Figure 3b . Evolution of d-spacing strain with respect to applied strain for the Nb (110) plane perpendicular to the loading direction is shown in Figure 3c . It is observed that tensile elastic strains of 0.4, 1.1, 1.4, 2.3, and 2.8% in the Nb nanowires were retained after deformations to 1.5, 3.0, 4.5, 6.2, and 8.7%, respectively. The dependence of the retained tensile elastic strains in the Nb nanowires on the prior tensile cycle strains of the composite is given in Figure S4 . This demonstrates that the magnitude of retained tensile elastic strain in the Nb nanowires can be tailored by adjusting the prior tensile cycle strain of the composite. Moreover, these retained tensile elastic strains (up to 2.8%) in the Nb nanowires are larger than those achieved in thin films on substrates reported in the literature ( Figure S5 ).
24−29
The retention of tensile elastic stains in the Nb nanowires after unloading can be understood as following ( Figure S1 ). Upon loading to a tensile strain of ε t , the martensitic NiTi matrix undergoes a small elastic deformation (O-E) followed by a large detwinning (variant reorientation) deformation (E-F), while the Nb nanowires undergo a large elastic deformation (O-A) followed by a small plastic deformation (A-B). Upon unloading, both the martensitic NiTi matrix and the Nb nanowires recover elastically. However, because the elastic strain of the martensitic NiTi matrix (∼1%, Figure S6 ) is much smaller than that of the Nb nanowires (∼5.6%, Figure 2a) , the NiTi matrix hinders the full recovery of the Nb nanowires, and the composite equilibrates at point C ( Figure S1 ), causing a large tensile elastic strain in the Nb nanowires (εNW-e) and a compressive elastic strain in the NiTi matrix ( Figure S6 ) at the end of the unloading.
Large retained compressive elastic strains can also be created in the Nb nanowires by heating the predeformed composite. Figure 3d shows the evolution of the retained elastic strain of the Nb nanowires in a composite sample predeformed to 8.7% in tension ( Figure S7 ) upon heating. It is seen that the retained tensile elastic strain in the Nb nanowires was released rapidly accompanying the reverse phase transformation (B19′ → B2) of the NiTi matrix ( Figure S8 ). After heating, a large compressive elastic strain of −2.4% was retained in the Nb nanowires. This retained compressive elastic strain in the Nb nanowires is comparable to those reported for thin films on substrates and embedded nanoinclusions in films, 24−29 as shown in Figure S5 . This can be understood as follows. Upon heating, the martensitic NiTi matrix returned to its initial predeformation shape by the reverse phase transformation (B19′ → B2) ( Figure S8 ). Because the Nb nanowires underwent a plastic deformation (A-B in Figure S7b ) during the predeformation, the plastically deformed Nb nanowires hindered the full shape recovery of the NiTi matrix upon heating, resulting in a large compressive elastic strain in the Nb nanowires and a tensile elastic strain in the NiTi matrix.
Niobium (Nb) is a low-temperature superconductor. 30 We herein measured the effect of the retained elastic strains on the superconducting properties of Nb nanowires. Figures S9 and S10 show the superconducting transition curves and the magnetization versus magnetic field (M-H) curves of the Nb nanowires subjected to different retained tensile elastic strains, from ε [110] = 0 to ε [110] = 2.6%. Dependences of the superconducting transition temperature (T c ) and the critical magnetic fields (H c-1 and H c-2 ) on the retained tensile elastic strains are shown in Figures 4a and 4b , respectively. It is seen that the T c , H c-1 and H c-2 of the Nb nanowires significantly increased with increasing the retained tensile elastic strains, demonstrating that the retained tensile elastic strains improve the superconducting properties of great quantities Nb nanowires.
In summary, the ultralarge elastic straining capability of Nb nanowires were exploited in a metal matrix deforming by detwinning. Both the large tensile and compressive elastic strains of Nb nanowires were retained in the free-standing composite after thermal-mechanical treatments, and the retained elastic strains can also be adjusted in magnitude. It is demonstrated that the retained tensile elastic strains can increase the T c , H c-1 , and H c-2 of great quantities of Nb nanowires. This paradigm of locking in large elastic strains in large quantity nanowires in a free-standing composite opens new avenues for retaining large and tunable elastic strains of kilogram-scale crystal materials and exploiting "elastic strain engineering" at industrial scale. The raw materials used were of commercial purity Ni (99.96 wt.%), Ti (99.90 wt.%) and Nb (99.99 wt.%). The ingot was hot-forged at 850 °C into a rod of 8 mm in diameter and further hot-drawn at 750 °C into a thick wire of 2 mm in diameter. Then the hot-drawn wire was cold-drawn into thin wire of 0.5 mm in diameter at room temperature with intermediate annealing at 700 °C. The test samples were cut from the cold-drawn wire and subsequently annealed at 500 °C for 20 min followed by air cooling.
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In situ synchrotron X-ray diffraction measurement:
In situ synchrotron X-ray diffraction measurements were performed at the 11-ID-C beamline of the Advanced Photon Source at Argonne National Laboratory. High-energy X-rays of 114.76 keV energy and 0.6 mm × 0.6 mm beam size were used to obtain two-dimensional (2-D) diffraction patterns in the transmission geometry using a Perkin-Elmer large area detector placed downstream at 1.8 m away from the sample. The 2-D diffraction patterns were collected during tensile deformation using a home-made mechanical testing device. Gaussian fits were used to determine diffraction peak positions. Error of the d-spacing strain measurement is estimated to be smaller than 0.1%. Tensile tests were performed using an 
Superconducting property measurement:
The temperature dependence of magnetic susceptibility was measured in both zero-field-cooling (ZFC) and field-cooling (FC) modes with a field of 10 Oe using a Quantum Design (QD) magnetic properties measurement system (MPMS). Fig. S3-a) shows that the Nb nanowires in the NiTi matrix plastically deformed by dislocation slip merely exhibit the elastic strain limit of 1.5% which is much less than that of the Nb nanowires in the martensitic NiTi matrix deformed by detwinning (~5.6%).
Figures
S-6
Figure S4. The dependence of the retained tensile elastic strains in the Nb nanowires on the prior tensile cycle strains of the composite. 
